This paper examines the results of the distributed generation penetration in large-scale medium-voltage power distribution networks. The network examined as a study case consists of twenty one lines fed by three power substations. The injected power comes mainly from photovoltaic units. Specifically, the influences of distributed generation on the network branch currents, losses and voltage profile as well as on the short-circuit level at the medium voltage busbars of the infeeding substations are examined according to international and national standards. The arising problems are explored and technical solutions are proposed. This paper is a pilot application as general conclusions concerning the extended distributed generation penetration in real power distribution networks are set out.
Introduction
In recent years, increasing amounts of distributed generation (DG) have been connected to distribution networks. Environmental, technical, and economic issues are playing an important role in the development of DG.
A general definition for DG was suggested in [1] and is now widely accepted: "Distributed generation is an electric power source connected directly to the distribution network or on the customer site of the meter". This definition does not determine the rating of the generation sources or the DG technologies used. Furthermore, it does not cover power delivery area, penetration, ownership, or treatment within the network operation.
As a result of DG penetration at distribution level, distribution systems are facing the challenge of evolving from passive networks with unidirectional power flow supplied by the transmission grid to active networks with bidirectional power flows. A number of steps should be followed concerning, on the one hand, best use of the existing distribution network by optimal allocation of the DG resources and, on the other hand, optimal planning of the development from passive to active, by taking account of all the relevant technical and commercial considerations. The technical issues include the adequacy of the network's and associated plant's thermal rating, fault levels, and sufficient voltage support to ensure both the security and quality of electricity supply [2] [3] [4] [5] [6] [7] . The commercial issues include the cost of the DG, installation charges, operating costs, revenue expectations, and the value of reduced losses in the network [8] [9] [10] [11] [12] .
The challenge is to identify suitable DG locations and ratings in distribution networks with respect to technical or economic constraints, which will enable a high DG penetration and avoid network sterilisation which results when capacity is allocated to bus/buses whose voltage and/or short-circuit levels (SCLs) are most sensitive to power injections. Thus, no more generation can be connected as the buses are constrained [4, 7] .
Although the optimal DG allocation on distribution networks is the most interesting research point, the most common practical question is whether DG resources of a particular type and rating can be connected at predetermined network positions without causing technical problems [6] and, if possible, without changing the network structure. This is determined by the specific requirements of independent producers.
In Greece, during the last years, a huge number of independent producer applications were submitted for approval, mainly concerning the connection of photovoltaic (PV) units to the Public Power Corporation (PPC) Medium Voltage (MV) distribution network. The Greek Government subsidises the production of these "green" kWhs in order to meet the environmental constraints established by the Kyoto Protocol and other government initiatives primarily concerning fuel saving. The aforementioned applications are very difficult to be examined in detail. So, there is a possibility that the existing MV networks will not be able to accommodate the new generation, operating in parallel, in a technically and economically acceptable manner.
In light of the above situation, this paper investigates the results of DG penetration in a large-scale MV distribution network as a pilot application. The network is fed by three power substations and it consists of twenty one MV lines. The DG resources to be connected are mainly PV units, with a total capacity of about 32 MW. Their locations are predetermined. Specifically, the influence of these units on the network branch currents, voltage profile, power flow, short-circuit level (SCL) at the MV busbars of the infeeding power substations, and losses are examined using a commercial-grade software package. The results arising from this real-world case study can be used as a pilot for the relevant analysis required for every relative network.
Network Description
The network examined in this paper is the rural MV network of the prefecture of Xanthi, Greece. This prefecture has an area of 1793 square kilometers and a population of 100,000 inhabitants.
The total MV network of the prefecture of Xanthi is illustrated in Figure 1 . It is fed by the three power substations, 150/20 kV, of Xanthi, Magiko, and Iasmos. The substation of Xanthi has a rated capacity equal to 100 MVA (2 × 50 MVA) and a short-circuit level SCLmax = 138 MVA, the substation of Magiko has a rated capacity equal to 100 MVA (2 × 50 MVA) and a short-circuit level SCLmax = 129 MVA, and the substation of Iasmos has a rated capacity equal to 50 MVA (2 × 25 MVA) and a short-circuit level SCLmax = 230 MVA. The substation of Iasmos feeds, in part, Xanthi prefecture and, in another part (one line), the neighbouring Rodopi prefecture. In this paper, only the lines belonging to the prefecture of Xanthi are examined. The substation of Xanthi feeds with four lines the town of Xanthi (urban network). These lines are not examined in this paper because they do not have DG units connected. So, the twenty one lines examined constitute the rural network of Xanthi, and their allocation to the three power substations is outlined in Figure 1 and taken as equal to 70% of the maximum load, while the absolutely minimum (night) load is taken as equal to 20% of the maximum load, following relevant PPC suggestions. Table 1 also shows the overall installed distribution substation capacity per line. This capacity concerns both the PPC distribution substations and the distribution substations of the individuals. Since annual peak load measurements per PPC distribution substation are not available, the rated power of each substation is coincided with the maximum recorded load per line, following relevant suggestions and based on PPC data. Specifically, for each line, the maximum load of the individuals recorded was subtracted from its maximum load, and a coincidence factor for the PPC distribution substations installed in the line was then determined by dividing the remaining line load by the cumulative rated power of these substations. The product of the coincidence factor and the rated power of each substation gives the contribution of the substation to the maximum load of the line. The total coincided load per line is also given in Table 1 . All the loads are considered to operate with a common inductive
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power factor equal to 0.9 with the exception of the loads of line M36 which, according to PPC suggestions, is considered to operate with a common inductive power factor equal to 0.89. The total DG power per line (existing or scheduled to be connected) is also shown in Table 1 . This power comes mainly from PV units, which operate with a capacitive power factor equal to 0.99, except for the line X22, where two small hydroelectric plants are connected, having a rated power equal to 2.36 MW and operating with a power factor equal to unit. The already existing DG power per line is shown in a separate column of Table 1. This power is taken into account in the computations for the existing situation.
Fixed and switched capacitors connected to the lines are also given in Table 1 .
The network was captured and examined using the NEPLAN software package [13].
Technical Constraints
The following technical constraints are taken into account throughout the investigation of the DG penetration in the examined network: 1) SCL Constraint: a basic requirement for permitting the interconnection of DG is to ensure that the resulting SCL remains below the network design value (SCL rated ). The SCL is highest at the MV busbars of the infeeding substation (SCL max ). The following relation describes the constraint:
2) Transformer Capacity: the amount of generation connected minus the minimum load must not exceed the rating of the transformer at the higher voltage.
3) Thermal Constraint: the rated current of the lines, I irated , must not be exceeded:
where I i is the current flowing at each network branch. 4) Voltage Variation Constraint: A critical consideration concerning the interconnection of DG sources to the grid is their effect on the slow voltage variations. Therefore the utility operators should impose certain limits within which the voltage variations should lie during normal network operation. The statistical nature of voltage variations is now recognised and relevant norms have been issued, such as the European Norm EN 50160 [14] , which impose statistical limits, where a small probability of exceeding them is acceptable. However, checking the conformity against statistical limits at the planning stage requires elaborate procedures, such as probabilistic load flow techniques. Such an approach is relatively difficult to apply because it requires data usually unavailable in practice, which completely defeats the objective of simplicity and efficiency in the evaluation. For this reason, utility directives for the connection of DG adopt simpler and more straightforward procedures while also differentiating their requirements from those imposed by EN 50160 [15] .
According to [14] , and for the public MV networks, the 10-minute mean rms voltage values are between 90% and 110% of the nominal voltage UN during 95% of a period of one week.
As mentioned above, while EN 50160 gives general limits for public supply networks, various European countries have additional rules governing supply conditions. So, in Greece and for the PPC MV networks, the following requirements are set for the steady-state node voltages, according to [15, 16] 
where U maxi and U mini are the maximum and minimum voltage values in the node i, determined by solving the load flow for all combinations of max/min load/generation (usually, minimum load/maximum generation yields maximum voltage values and maximum load/minimum generation yields minimum voltage values).
• The variation of the voltage around its median value should not exceed ±3% of the nominal, so that the LV network voltage deviations remain within ±8% (planning limit), after the median deviation is corrected by the fixed taps:
Network Study
According to the data of Table 1 , the total DG rated power in the lines stemmed from Xanthi substation is 13.55 MW, in the lines stemmed from Iasmos substation is 6.4 MW, and in the lines stemmed from Magiko substation is 11.8 MW.
For the SCL computation, the IEC60909 [17] was used. In particular, the computation of the contribution of the PV units to SCL was made using the following equation given in [18] : '' over interval
where:
'' k I the initial symmetrical short-circuit current k = 1.5 -2.0 and Δt is the duration of the contribution rG I the rated current of the PV unit. The value of k selected for this paper was equal to 2.
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The fault current contribution of all the PV units is simply added algebraically to the total fault level of all other sources, which provides a result slightly on the safe side. The PPC takes the negligible fault current contribution of the PV units as zero. Table 2 shows the fault current contribution of the DG units to SCL max for each one of the three power substations. From the data of Table 2 , it is obvious that the SCL constraint outlined in Section 3 is not breached. Only the substation of Iasmos has an SCL max very close to its design value (SCL rated = 250 MVA), which must be The power flow, voltage profile, currents, and losses of the network lines were examined through power flow analysis using the NEPLAN software package. Specifi cally, the following limit network operating situations were examined in order to find the worst scenario: S1. Maximum load, zero DG penetration (PV and hydroelectric units out of service).
S2. Maximum load, maximum DG penetration (full operation of PV and hydroelectric units).
S3. Daily minimum load, zero DG penetration. S4. Daily minimum load, maximum DG penetration. S5. Absolutely minimum (night) load, zero DG penetration.
S6. Absolutely minimum (night) load, maximum night DG penetration (full operation of the hydroelectric units only).
The last situation S6 concerns only the line X22, which has two small hydroelectric units of a total power equal to 2.36 MW. These units continue to contribute to the load during the night, when the absolutely minimum load exists and the PV units do not produce power. Table 3 shows the results of the power flow analysis concerning the departure current, the maximum recorded ratio I i /I irated of the branch current I i as a percentage of the rated current I irated of the conductor used in this branch, and the total active P loss and reactive Q loss losses per line, for the first four of the above mentioned limit operating situations.
The DG penetration reduces the departure current. The greater the DG penetration, the greater this reduction is. In the S4 case, there is an inverse power flow for the lines X33, X36, M36, M37, M39, I21, and I22, as shown by the negative sign of the departure current in the shaded cells of Table 3 . Even in the case of coincided reverse currents, the total reverse current per power substation corresponds to a reverse power flow much smaller than its capacity. So the second technical constraint (Transformer Capacity) is satisfied. The third technical constraint (Thermal Constraint) is also satisfied, as shown by the values of the ratio I i /I irated % in Table 3 , which are mostly much smaller than 100%.
The active losses P loss are reduced when the DG units are connected, for all the network operating situations, as a comparison of the relevant columns of Table 3 shows. An increase of the active losses appearing in the line M37 (shaded cells) for the daily minimum load is mainly due to a 2 km ACSR 3 × 16 mm 2 line connecting a 2 MW PV unit, which is planned for construction, and it is not taken into account in the examination of the S3 net- work operating situation. The active losses of the other M37 line branches are reduced. The reactive losses Q loss are also reduced when the DG units are connected, except for two cases (lines X22 and I21), shown with shaded cells in Table 3 , where the daily minimum load in combination with considerable DG penetration causes an increase in the reactive losses. Table 4 shows the results of the power flow analysis concerning the limit values of the node voltages of the examined network. Specifically, the absolutely maximum node voltages U max , maxi , the absolutely minimum node voltages U min,mini , the maximum value of the median voltage, and the maximum value of the quantity U maxi -U mini per line are recorded.
Taking into account that the nominal voltage of the examined network is 20 kV, the EN 50160 [14] is satisfied if the node voltages remain inside the range 18 kV ≤ U i ≤ 22 kV. This does not apply only for the line X22, where the possible operation of the hydroelectric units during the night (operating situation S6), in combination with the fixed capacitors, causes voltage rise exceeding the acceptable limits in some nodes.
The requirements of [15, 16] are satisfied for the data of the examined network if 19kV ≤ (U maxi + U mini )/2 ≤ 21 kV and U maxi − U mini ≤ 1.2 kV. The first requirement is not satisfied for the majority of the lines according to the upper limit, but the excess, although concerning enough nodes, is marginal. Only the line X22 has a remarkable problem, according to the second requirement, concerning many nodes near the connection point of a 1.08 MW hydroelectric plant and the simultaneous existence of a 900 kVAr fixed capacitor near it. Several alternative scenarios were examined in order to overcome the problem, and the operation of the network was significantly improved by replacing the fixed capacitor with switched capacitors. Otherwise, the above mentioned hydroelectric plant is not permitted to be connected, in order to avoid exceeding the technical constraints.
Conclusions
The purpose of this paper was to investigate the impacts of DG penetration in a real rural MV power distribution network. The network is very extensive, consisting of twenty one overhead lines fed by three power substations. Power flow and short-circuit analysis were carried out using a commercial-grade software package to determine the changes caused by the DG penetration to the currents, losses, voltage profile, and short-circuit level of the examined lines. The majority of the DG units to be connected are PV units, the penetration is not very high, and the connection points are at sublateral branches with small cross sections.
The results of the analysis are as follows: • The losses are reduced in all the lines when the DG units are connected.
• There is not any extension of the conductor rated currents, since the DG penetration remains small compared to the load and there is also no significant reverse power flow. • The short-circuit level at the MV busbars of the infeeding substation, where it has the highest value, remains below the network design value, as the DG units are connected at remote sites and the lines have many kilometres of conductors with small cross section (high resistance).
• The main impact of the connected DG units is on the voltage profile of the examined lines, particularly for the daily minimum load (voltage rise) and for lines with fixed capacitors. In these cases, except for the appropriate regulation of the transformer tap changer, solutions should be sought, such as the replacement of the fixed capacitor with switched capacitors. The general conclusion is that the arbitrary DG accommodation leads to network sterilisation, as recorded in [6, 7] , and perhaps to violation of important technical constraints. So, every new DG penetration in any network must be examined using the appropriate tools in order to find solutions to the problems that arise.
The extended accommodation of PV resources in a distribution network reduces the losses, because of their close vicinity to the network loads. However, as the PV units operate with a capacitive power factor, they cause impermissible voltage rise during the low load periods. So, either a differentiation in the power factor of the PV units or an integration of voltage control methods is appropriate in order to avoid problems relating to the network voltage profile. 
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